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Abstract—The definition of geomagnetic storms dates back to the turn of the century when researchers
recognized the unique shape of the H-component field change upon averaging storms recorded at low
latitude observatories. A generally accepted modeling of the storm field sources as a magnetospheric ring
current was settled about 30 years ago at the start of space exploration and the discovery of the Van Allen
belt of particles encircling the Earth. The Dst global ‘ring-current’ index of geomagnetic disturbances,
formulated in that period, is still taken to be the definitive representation for geomagnetic storms. Dst
indices, or data from many world observatories processed in a fashion paralieling the index, are used widely
by researchers relying on the assumption of such a magnetospheric current-ring depiction. Recent in situ
measurements by satellites passing through the ring-current region and computations with disturbed
magnetosphere models show that the Dst storm is not solely a main-phase to decay-phase, growth to
disintegration, of a massive current encircling the Earth. Although a ring current certainly exists during a
storm, there are many other field contributions at the middle-and low-latitude observatories that are
summed to show the ‘storm’ characteristic behavior in Dst at these observatories. One characteristic of the
storm field form at middle and low latitudes is that Dst exhibits a lognormal distribution shape when
plotted as the hourly value amplitude in each time range. Such distributions, common in nature, arise when
there are many contributors to a measurement or when the measurement is a result of a connected series
of statistical processes. The amplitude-time displays of Dst are thought to occur because the many time-
series processes that are added to form Dst all have their own characteristic distribution in time. By
transforming the Dst time display into the equivalent normal distribution, it is shown that a storm recovery
can be predicted with remarkable accuracy from measurements made during the Dst growth phase. In the
lognormal formulation, the mean, standard deviation and field count within standard deviation limits

become definitive Dst storm parameters. Published by Elsevier Science Ltd

1. INTRODUCTION

Carefully studying the field changes in Bombay, Nan-
abhoy Moos (1919) the original director of the Indian
Institute of Geomagnetism, discovered the existence
of a unique pattern in geomagnetic disturbance. After
removing the expected quiet-day field (Sq) levels, he
averaged a number of the H-component disturbances,
arranged in time corresponding to the start of the
disturbance period, and discovered the ‘classic’ geo-
magnetic storm field: the positive H onset of dis-
turbance followed by a rapid depression of H and
then a slow recovery to the quiet level. Schmidt (1917)
was the first to suggest that the storm-field decrease
was due to a ring of westward electric current circling
the Earth. The geomagnetic storm pattern was further
explored by Chapman (1919, 1927, 1935) who used
the name ‘Dst’ for this average storm-time (st) pres-
entation of field disturbances (D) with regular daily
variations and baseline main field levels removed.
Chapman (1951) introduced the now familiar terms

‘sudden commencement’, ‘initial phase’, ‘main phase’
and ‘recovery phase’ to describe typical Dst storm
characteristics. Scientists continue to accept to this
day the Chapman and Ferraro (1931, 1932) expla-
nation of the initial phase, positive field excursion of
Dst as due to a compressional arrival of solar wind at
the magnetospheric boundary. The focus of the pre-
sent review is the stormtime variation that follows the
initial phase.

Scientific interest in space grew rapidly following
the start of the International Geophysical Year (IGY)
of 1957-1958 and the 1964-1965 year of the quiet Sun
(IQSY). During this period, Singer (1957) proposed a
physical picture of a process that could generate a
magnetospheric ring current for a geomagnetic storm;
some scientists consider this paper to be the predictor
of the spectacular Van Allen (1959, 1969) discovery
of the Earth’s charged particle belt. Akasofu and
Chapman (1961) and Akasofu et al. (1961) calculated
the ring-current properties from Dst characteristics.
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Their depiction of the storm as a compressional onset
followed by a rapid loading and subsequent unloading
of a westward-flowing, current-ring of particles about
the Earth became fixed in the minds of most space
scientists at this time. In such an environment, only
the axially aligned field component, H/cos @ (where H
is the horizontal field component and 8 is the geo-
magnetic dipole latitude), need be monitored and
averaged from a few low-latitude locations to rep-
resent the worldwide effects. Dst was assumed to fill
the role exactly.

Sugiura (1961) studied the differences in Northern
and Southern hemisphere solstitial-month Dst and
found a significant seasonal effect. Akasofu and Chap-
man (1964) introduced the idea of a partial (local-time
component) ring-current effect in Dst to justify the
longitudinal differences of disturbances found at mid-
dle and low-latitude observatories. Hoffman and
Bracken (1967) used estimates of average particle dis-
tributions from satellite observations (e.g. Frank,
1967) to produce a model of the westward and east-
ward ring currents that soon became the storm source-
current picture favored by many researchers.

The first use of Dst as an index can be attributed to
Vestine et al. (1947) who generalized the storm-time
averaging procedure to include all UT hours and a
global distribution of stations to represent the Earth’s
field variations during the Second Polar Year (1932-
1933). Accepting a ring-current model of storms,
Kertz (1964) devised a new method of Dst evaluation
using only station night-time field values when the Sq
quiet dynamo currents were essentially absent. Sug-
iura (1964) standardized the Dst procedure using
eight, well-distributed, low-latitude observatories.
This Dst preparation scheme was subsequently fol-
lowed for the representation for the IGY-IQSY
period. In 1969 at its Madrid assembly, the Inter-
national Association of Geomagnetism and Aeron-
omy (IAGA) officially adopted the Sugiura form of
Dst as a standard activity index.

The basic idea for the Dst is that the global part of
a geomagnetic disturbance is what remains after local
variation features and baseline values are removed
from low-latitude station records. Differences in the
values about the Earth are accommodated by aver-
aging a number of observatories. With the assumption
of an axially symmetric ring-current source, the use of
only the H component of field and adjustment for the
average station geomagnetic latitude become reason-
able procedures. Figure 1 shows common scale H-
component magnetograms for the present con-
tributing observatories and the derived Dst index for
the occasion of a typical geomagnetic storm of 19
December 1980.
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Not all Dst storms show the ‘classic’ initial phase,
main phase, recovery phase shapes. Some occasions
obviously represent disturbance periods in which
more than one storm has occurred and separated com-
mencements, and/or peaks of the main phases can be
recognized. On rare occasions, probably less than 1%
of the large disturbance periods, the Dst index values
do not follow the smooth growth and gradual decay
form but rather seem more impulsive. Figure 2 of the
599 gamma Dst storm on 13 March 1989 shows an
example. This storm was accompanied by major Polar
Cap Absorption events, extensive proton pre-
cipitation and the unusual red auroras. The auroral
zone was displaced to mid-latitudes; there were sim-
ultaneous electric power-line outages (from current
induction) throughout the province of Quebec,
Canada, and northeastern U.S.A. implying that the
maximum field effects were centered near those
locations (Allen et al., 1989). The Dst observatory
recordings at San Juan, Puerto Rico, were over-
whelmed, apparently by the relatively nearby field-
aligned and ionospheric current effects. Storms of this
type are not the subject of this paper.

To describe periods of geomagnetic storms, most
researchers use the term ‘Dst’ to indicate a global
processing and averaging of all H-component, geo-
magnetic storm variations in a fashion similar to that
of the index. In the present view of many scientists,
the geomagnetic storm (Dst) main and recovery
phases are unequivocal evidence of a magnetospheric
ring current at about 4-8 Earth radii (Re) distance
that grows rapidly and then slowly decays. Various
applications of the index, e.g. for field adjustments in
regional or global mapping, or as a source current for
deep-Earth induction measurements, rely on this ring-
current model for justification. Mayaud (1980), in his
‘definitive’ textbook on geomagnetic indices stated,
“Among all geomagnetic indices, the Dst index is
probably the one that monitors and records with gre-
atest accuracy the phenomenon for which it was
designed. This is due to the great simplicity of the
magnetic variations caused by the ring current: they
are very nearly axially symmetric and do not depend
on longitude or [ocal time.”” As we shall see, Mayaud’s
statement has become a Dst ring-current myth that is
an incorrect representation of reality.

2. PROBLEMS WITH DST AS A RING-CURRENT
REPRESENTATION

For quite a while, isolated studies showed some
difficulties in the derivation of Dst as a full ring-cur-
rent representation. Akasofu et al. (1963) could not
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Fig. 1. The H-component field variations at Dst observatories (A) and the computed Dst hourly index (B)
for a storm of 19 December 1980. Values supplied by the World Data Center A, Boulder, Colorado, U.S.A.

discover a single time constant to represent the recov-
ery phase. Tarpley (1973) found that small changes in
the quiet-day current (Sq) focus positions (near the
Dst observatories) could cause major changes in the
phase and amplitude of the $q fields that are assumed
to be simply removed from Dst. Matsushita et al.
(1973) uncovered sector (IMF by field) effects in the
Sq that are not accommodated in the Sq-field removal
from Dst. Annual and semi-annual changes in the
apparent main field levels at night (Campbell, 1984)
were found to track the seasonal magnetotail

positions. Effects of frequency dependent induction
(Campbell and Schiffmacher, 1988) had not been
accommodated by the standard index derivation.
Carefully analyzing the Dst values, Stening (1990)
identified the appearance of imbedded lunar tidal vari-
ations of ionospheric origin.

Stern (1991) gave an excellent review of the early
substorm research, noting that “Chapman believed
that magnetic storms were the fundamental feature
while substorms were just an associated detail; in con-
trast, substorms are nowadays viewed as fundamental
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Fig. 2. Dst values for the extremely large storm of 13 March 1989 that caused electric power failures in

eastern Canada and northeastern U.S.A. (Allen et al., 1989). Values obtained from World Data Center A,

Boulder, Colorado, U.S.A. This storm was an unusual ‘polar cap blackout’ type, rich in the precipitation
that generates red-glow auroras.

and are studied in great detail, with relatively little
attention given to magnetic storms.” Part of the rea-
son for this emphasis change is that the geomagnetic
storm form evidenced by Dst has not been recoverable
from the magnetospheric disturbance measurements.
At best, it has only been possible to show that clusters
of substorm activity correspond to the general period
of depression of the Dst index (Akasofu and Chap-
man, 1972, figure 8.24 and pp. 602-604). In a review
of the storm studies, Kamide (1979) indicated that
there was no satisfactory way to determine the par-
tition of energy between that observed directly in the
polar ionosphere and that indicated by the storm ring-
current of Dst.

Fundamental problems with the symmetric-ring
model have been reported. Akasofu and Chapman
(1964) found the storm fields to be asymmetric about
the Earth. Subsequently, to accommodate this obser-
vation, combination models needed to be assumed
with full and partial ring currents coexisting (e.g.
Fukushima and Kamide, 1973). Early computations
by Cummings (1966) showed that there should be
strong field-aligned currents contributing to the low-
latitude observations. The use of the cos ® adjustment
in Dst derivations (demanded by a ring model) was
shown to be in error at night when the A and Z
fields were found to triangulate to a magnetospheric

position that varied during the storm progress and
shifted with season in a regular fashion (Campbell,
1973).

Although satellite passes through the region of 3-9
Re certainly show in situ evidence of the ring current
existence, Lui et al. (1987) found that the storm-period
values in the westward ring-current region had major
temporal and spatial fine structures. There was not
one simple global ring current, or a simple superposed
partial ring current that gradually increased with the
growing main phase of the Dst storm, and then slowly
decreased with the decaying recovery phase of the Dst
storm. Rather, there were many large and small partial
ring currents varying greatly in time and location;
radial as well as azimuthal currents exist on a variety
of scales. The processes in that region cannot be mod-
eled from the Dst; something other than a ring current
must be responsible for defining the disturbance
storm-time Dst shape. When considering the surface
fields resulting from the currents, it is important to
realize that the Earth’s electrical conductivity is rising
so rapidly with depth below 300 km (Campbell and
Schiffmacher, 1988) that each ring region source cur-
rent element with less than half-day period (or less
than 180° longitude wavelength) can be effectively
shielded from some Dst observatories on the Earth’s
surface.
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The ring-current formation model in many
researchers’ minds is that of Dessler and Parker (1959)
who described particle lifetimes from the storm decay
phase. Charge exchange, Coulomb collisions and
wave-particle interactions were understood to be the
dominant causes of the ring-current decay (see reviews
by Williams, 1985; Kozyra and Nagy, 1991). Grafe
(1988) described the contradictions that arise in the
effort to obtain consistent ring-current decay con-
stants from storm data. Roelof’s (1989) model of the
ring radial and azimuthal currents shows also the gen-
erated field-aligned currents. Wrenn (1989) studied
the Dst-exponential decays (from 1958 to 1984) and
found these to be poor and inconsistent descriptions of
the expected processes by which ring-current particles
were lost. He said “Dst responds to currents other
than RC (ring current); this probably accounts for
the many departures from a smooth curve.” *“...either
exponential decay is a poor description of the pro-
cesses by which particles are lost or there are a number
of charge exchange processes with different time con-
stants.” The charge-exchange decays in the ring-cur-
rent region contribute to the conglomerate of fields
that are measured by the averaging of data at the Dst
observatories. There is some separation of phenomena
by the time of occurrence; the compression fields at
the initial phase of the classic storm is an example. It
may well be that the long tailing-off of the recovery
phase after two standard deviations represents a
similar time-separation that may eventually be as-
cribed to the thermospheric, wind-driven dynamo cur-
rent.

For the ring current associated with a large geo-
magnetic storm on 6 February 1986, Hamilton ef al.
(1988) computed predicted values of the Dst field dur-
ing 12 in situ satellite measurements of the ring
current. Their table 1 shows that the predicted values
of Dst were always less than the observed Dst index
and varied from 24% to 84% of the Dst index with
an average value of 51.2% +17.7%. These authors
suggested possible reasons for the discrepancy, one of
which is the presence of other field contributions to
the index.

Stormtime, field-aligned currents (Potemera, 1984)
connect the disturbed magnetospheric ring currents to
the high-latitude ionosphere. The great time vari-
ations of the aurora (e.g. periods from 2 s to 200 s)
are a visual manifestation of the field-line arrival of
the charged particles that contribute to formation of
intense auroral electrojet currents. Sun er al. (1984)
found a considerable field at middle latitudes from the
auroral-region field-aligned currents. These authors
made their computation of field effects for Dst observ-
atory locations at Honolulu and San Juan, as well as
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at the Tucson observatory (which is located at a lower
Gustaffsson model geomagnetic latitude than the Dst
index observatory at Hermanus, South Africa). They
determined (see Abstract) that “in agreement with
earlier studies, the field-aligned current segments have,
in general, the largest contribution to both the H
and D components in middle latitudes.” Thus, in the
present method that is used to represent the storm
field and Dst by H components, the field-aligned cur-
rents may be the largest contributors.

Storm-field changes are enhanced at the narrow
regions of the equatorial electrojet in daytime. Rastogi
and Patil (1986) illustrated this fact with a comparison
of the field sizes at Trivandrum and Alibag Indian
observatories. Such an enhancement is one of the
reasons for the equatorial exclusion of Dst observ-
atory locations for Dst. The enhancement is due to an
E-region ionospheric conductivity amplification over
the dip equator. The currents arrive there only
through the mid-latitude ionosphere and must orig-
inate from the auroral electrojet currents prevailing
at storm times. Dst stations at mid-and low-latitude
locations, therefore, must be sensitive to such over-
head ionospheric currents.

The expected quiet-day ionospheric dynamo cur-
rent field, Sq, is subtracted from the station obser-
vations in the daily Dst index preparation. Values
for this subtraction are obtained from the five most
undisturbed-day records in the same month. The
dynamo current depends upon the E- and lower F-
region ionospheric conductivity, as well as the trans-
port of ionization by tidal and thermospheric wind
forces. During a geomagnetic storm, both the ionc-
sphere (Davies, 1989) and the thermospheric wind
system (Blanc and Richmond, 1980) are severely dis-
turbed. The actual dynamo current system during a
storm, as seen in the H-component of field, is greatly
different from the quiet-day levels that are subtracted
in the index formation. As a result, the Dst contains
significant field values that are the difference between
the five-quiet-day-level and the storm-time Sq.

All these ionospheric and magnetospheric currents
at storm time (field-aligned, ionospheric, ring, tail,
boundary, etc.) are adding to the mid-and low-latitude
observed fields at the Earth’s surface. The relative
contributions must vary greatly with station location
and storm time. An average of these H-component
fields at selected observatories becomes the Dst index.
Nevertheless, the myth that the negative storm-time
Dst field values represent a ring-current growth and
decay has continued as a simple, but questionabile,
explanation of the geomagnetic storm main and recov-
ery phase shape.
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Fig. 3. Lognormal distribution functions for fixed mean (top) and fixed standard deviation (bottom) using
typical geomagnetic storm values. Note the log-time scale for the X-axis of the two figures at the right.

3. LOGNORMAL DISTRIBUTION CHARACTERISTICS

If a normal distribution results from the plotting of
the logarithm of the independent variable measured
for a statistical feature, the probability distribution is
said to be lognormal. Aitchison and Brown (1957)
produced the most detailed review of this subject. The
material in this section was gleaned primarily from
their textbook, referred to hereafter as ‘A and B’.
Following A and B, the lognormal distribution of the
variable x will be designated as A(x|y, ¢%) or, more
simply, A(x), where g is the mean of the logarithms of
x,and ¢?is the variance (¢ = /o’ is the corresponding
standard deviation). Figure 3 shows two families of
lognormal probability distributions, for fixed x and
for fixed a, where the ranges of u and ¢ were selected

to match the ranges of such values in the storms to
be presented in the following section. Here, x is the
duration of time in hours. Note, in particular, how
the positive skewness of the distribution increases to
the right, rapidly, with increasing u.

The lognormal distribution is a common feature
in nature. The formula for this distribution (with

x > 0)is:
In (x) —p\*
o 2(*2 ) |

where A(x) is the distribution size of the variate. Note
that lim,_,, [4(x)] = 0. The lognormal form arises
primarily from two situations: (1) when the dis-
tribution size of the variate can “‘be regarded as the

1

A(x) = flke 2

o\/ 2n
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joint effect of a large number of mutually independent
causes, acting in ordered sequence during the time of
growth™; or (2) there are multiple causes, not necess-
arily in order of sequence, e.g. when “we may suppose
that at any point of time the existing distribution of
the variate arises from a large number of causes which
operate simultaneously” (A and B). Examples of log-
normal distributions are (Koch and Link, 1980): gold
assays, magnitudes of earthquakes, heights of floods
in a river and heights of buildings in New York City.
Other examples are (A and B): annual income size
distribution in a population, levels of organism tol-
erance to drugs, prices paid per unit of a commodity
by individual families, body weights of human beings,
final size of biological organisms, distribution of
households by numbers of resident persons, effective
life of an industrial material, distribution of stars,
ages of men and women at their first marriage, and
frequencies with which authors use nouns. Figure 4
shows a lognormal distribution of the ages of the
members in the American Geophysical Union. The Y-
axis has been inverted to illustrate the similarity to a
typical Dst storm.

Three items of importance discussed by A and B
concerning the variate X are zero values, displacement
and truncation. For the lognormal distribution, X can
only assume values greater than 0 if we wish to form
the equivalent normal distribution display. That is not
a problem for the variate representing time from the
beginning of an analyzed statistical event. If the exact
start (threshold or lower bound) at x = b can be esti-
mated on a priori grounds, a new variate is formed

x" = x—b (as a simple scale translation) in place of X;
the new variate, x’, has all the properties of the usual
lognormal distribution. If the measurements have an
ending (truncation or upper bound) at x = e, which
also can be determined a priori, then A and B suggest
using a new variate x' = (x—b)/(e—x) for x > e.
Another method for treating the wings of the dis-
tribution might be to ignore values outside several
standard deviations of the mean.

The statistical behavior of Dst (as a number of
hourly values of negative Dst in 2-gamma bins) has
been published for samples of quiet (1965) and active
(1958) years by Campbell (1979). These distributions
show the typical lognormal statistical form. Such a
form is expected because of the many contributions
to the Dst measurement and the connected series of
statistical processes that give rise to the low-latitude
fields.

4. GEOMAGNETIC STORMS AS LOGNORMAL
DISTRIBUTIONS

It was recently noticed (Campbell, 1993) that the
typical storm-time Dst index also follows a lognormal
profile in the time-series domain (usual amplitude
plot). Each ionospheric and magnetospheric process
contribution to Dst has its own characteristic time-
series distribution; when added to form Dst, a log-
normal time-series distribution results. The lognormal
form can be simply verified by a transformation to
the log-time domain and computation of the usual
normal-form data fitting tests. The symmetry of the
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Table 1.
Storm Maximum Total* i a % Fit
no. Date (€2 () mean std. dev. variationt
1 16 Feb 1967 130 3125 1.999 0.893 12.3
2 10 Mar 1979 140 2741 2.188 0.805 13.6
3 13 Jan 1967 160 3724 2.355 0.756 7.9
4 18 Apr 1965 162 2114 1.804 0.836 24.0
5 19 Dec 1980 240 4387 2,048 0.742 7.8
6 S Sep 1982 289 8354 2.588 0.868 9.3
7 9 May 1992 297 7255 2.981 0.617 18.3
8 8 Nov 1991 354 8318 2.586 0.792 14.7
9 11 Feb 1958 426 7220 2.163 0.718 12.9
10 13 Sep 1957 427 6866 2.200 0.773 22.8
av. 143 + 5.7

*Within mean + two standard deviations.
tStart to 3 x peak hour.

bell-shaped (normal) curve about the mean, maximum
amplitude, position tells us that the fall of the curve
from its maximum can be predicted from its initial
rise to maximum. Transforming this prediction back
to the linear-time domain means that observations
made during the first few hours of storm Dst rise-to-
maximum allow us to predict field levels for the many
hours of the storm Dst recovery period.

Table 1 lists 10 geomagnetic storms that were ana-
lyzed for lognormal characteristics. These storms were
selected from the readily available literature, requiring
only that there be a distribution of sizes at the
maximum excursion of the main phase. Field values
for the storms were obtained from the World Data
Center A listing of Dst hourly indices. Paired storms
3 and 4, as well as 9 and 10 were chosen to see if
storms of similar peak value yielded similar lognormal
characteristics. They did not. In many cases, the storm
onset (hour 1) was taken to be the first small negative
field value of Dst (storms 1, 3, 4, 9, 10). This start time
was difficult to determine when the storm occurred in
the midst of generally disturbed conditions. For such
cases (storms 2 and 6), I selected the start as the
smallest numerical value of negative Dst just before
the obvious major excursion of the main phase. For
two storms (5 and 8), to see the impact of the begin-
ning hour selection, I assumed the start to be at the
hour just before the start of the major negative excur-
sion, and I assigned the start an amplitude of 0.01
gamma (1 gamma = | nano Tesla). As noted in the
preceding section, translation of the time axis would
not affect the basic lognormal characteristics. The
sometimes-present initial phase of positive Dst cer-
tainly interferes with accurate selection of the hour
for main-phase beginning. The end-time of the storm
was arbitrarily taken to be 50 hours after the start,

except for storm 5 which entered a second disturbed
period after 38 hours. The truncation formulation
of the variate (time) suggested by A and B was not
attempted for this test of the storm lognormal dis-
tribution.

The left columns in Fig. 5 and Fig. 6 show the 10
storms arranged (top to bottom rows) in order of
increasing storm peak amplitude. The negative Dst
values are plotted positively in hours from the start
time in this real-time domain. Note the changing
amplitude scales to the right. The center columns in
these figures show the 10 storms plotted as the natural
logarithm of duration time versus Dst amplitude in
the log-time domain.

Using evenly spaced values from the extrapolated
amplitudes in the log-time domain, the best fitting
normal distribution was determined, having a charac-
teristic mean, u, and standard deviation, ¢ (listed in
Table 1). The dashed curves in the center columns
of Fig. 5 and Fig. 6 represent the resulting normal
distribution curves. Note how well the storm values
follow the normal shape in the log-time domain. Next,
these normal curves are transformed back to the natu-
ral-time domain and plotted as dashed lines with the
left column representations of the Dst storms. The
percent absolute difference between the lognormal
curve and the storm values was computed. Then, these
percentages for hourly measurements from the storm
start to three times the peak hour were averaged and
shown in the last column of Table 1 as a measure of
the lognormal fitting. For the 10 storms, the average
fit to lognormal was 14.3 + 5.7%. A third charac-
teristic of storm lognormal distributions is the area
under the curve. To represent this, I sum the hourly
gamma field values that occur within + two standard
deviations of the mean (Table 1).
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Fig. 5. Small Dst geomagnetic storms, under 250 gamma in maximum values. The indices were obtained
from World Data Center A, Boulder, Colorado, U.S.A. Storm dates are identified to the left. In the left
column, the solid line is the absolute value (¥-axis) of the Dst for the main and recovery phases in storm
time (X-axis); the dashed line is the best-fitting lognormal distribution for each storm. In the center column,
the Dst values are replotted (solid line) on a log-time (X-axis) scale; the dashed lines show the best fitting
normal distribution curve; the mean, u, and standard deviation locations, 4 + o, are indicated. In the right
column, the solid line is a repetition of the storm representation of the left column, whereas the dashed line
is the lognormal storm fit value obtained from a recovery-phase prediction program using only the storm
values of the main phase plus one point past the storm peak.
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Fig. 6. Same as Fig. 5, only for large Dst geomagnetic storms reaching above 250 gamma in size.

Only four observatories presently contribute to the
Dst values used in the above studies. With more
observatories, the Dst forms become considerably

smoother, and I believe that they would become even
closer to the lognormal form. The lognormal rep-
resentation also might be improved by adjustment
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for magnetospheric compression (+ Dst of the initial
phase) and for truncation (A and B) of the storm
sample. The storm characteristic means and standard
deviations are not functions of the peak amplitudes.
If the 10 storms had been grouped by size and then
averaged as in the early Sugiura and Chapman (1960)
analysis, the characteristic u and ¢ storm values would
have been destroyed.

5. NEW VIEWPOINT FOR STORMS

The lognormal distribution seen in the quantity of
papers produced by scientists has been ascribed to the
dependence on the numerous factors leading to final
publication (West and Shiesinger, 1990). In keeping
with that finding, 1 propose an analogy to help vis-
ualize the storm distribution function. Consider an
international meeting of various geophysical disci-
plines (e.g. TUGG). At the end of this meeting, the
participants are asked to make a very special effort
to see that their oral and poster presentations are
subsequently published in a scientific journal of their
own selection. Time delays occur because there is a
sequence of processes involved—a statistical dis-
tribution of those who wish to start the writing, a
distribution of time at the writer’s organization in
getting the manuscript physically ready, a distribution
of time due to the review process, a distribution due
to the particular journal’s processing procedures, etc.
Renowned scientists, selected as observers to represent
each of the major geographical areas, are asked to
tollow and record the average number of articles pub-
lished (by the meeting attendees) at each date, coun-
ting from the meeting end. The observers do not have
a list of meeting attendees, so each depends on various
local sources of information. The counts of number
of publications versus time from the meeting are
biased by the speciality of each observer and by his
(or her) geographic location. The counts of some pub-
lications are duplicated by the different observers.
After two years (730 days), the data gathered by the
observers are averaged by day of publication from the
meeting end. The distribution of counts, A(r), versus
time, ¢, is lognormal. We then plot the number A(7)
versus In(¢f) and obtain the characteristic mean, stan-
dard deviation and hours of two standard deviations
from the mean. Using the same observers for other
meetings, the characteristic values of importance are
the normal curve mean and standard deviation, as
well as the apparent total number of publications
between the two standard deviation limits.

With this analogy, we can think of the storm-time
negative Dst values as proportional to the count of
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field contributions at each hour into the storm. The
count is an average from observations at four
locations distributed at middle and low latitudes
about the FEarth. One observatory’s storm-time
measurements are a representation of the ensemble of
individual field contributions from a limited number
of substorm sources (e.g. field-aligned currents, ring
currents, tail currents and ionospheric currents). The
characteristic variation periods of each contributing
source field are short with respect to the duration of
the storm Dst. At each time sector of the Earth, the
proportional contribution of each source can change.
Any one of these substorm sources is caused by the
joint effect of a large number of physical processes
acting in ordered sequence (e.g. solar wind, to south-
ward turning field, to field line merging, to tail ener-
gization, to...etc.).

The question that immediately arisesis ““Why hasn’t
the lognormal fitting of Dst come to light before
now?” It has been 85 years since the Moos (op cit.)
publication. I can think of a few possible explanations
that may range from incidental to quite apparent. (1)
The first detailed textbook (A and B) on lognormal
distributions did not arrive on the scientific scene until
1957, in a period that was dominated by the start of
the International Geophysical Year, the initiation of
satellite research, and the discovery of radiation belts
encircling the Earth. Geophysical scientists of the
time, who may have envied the beauty of Saturn’s
rings, hoping to find a similar Earth-bound feature,
encouraged the Dst ring-current explanation of storm
fields. (2) Sydney Chapman, who dominated the
thinking on geomagnetism from early this century
until his death in 1970, seemed to be unhappy with
Birkeland’s field-aligned currents (cf. Dessler, 1984)
and favored averaging large data sets to establish
quasi steady-state equivalent currents as opposed to
treating of each event separately (Stern, 1991). Chap-
man, as the student Sugiura’s Ph.D. advisor, was
instrumental in the identification of Dst as a ring-
current index. (3) Positive and negative charge and
field definitions are arbitrary. For example, the Chi-
nese selected southward as the definitive direction for
the first compass. If our storm fields were plotted in
the positive direction, the lognormal feature would
have been more obvious.

6. DST RECOVERY—PHASE PREDICTION

There is some utility in the fact that Dst storm
representations from the ensemble of middle- and low-
latitude stations follow a lognormal shape. In the log-
time domain, we have seen that these storms have a
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normal distribution shape. For the bell-shaped (nor-
mal) profile, field values from the onset and rise to the
mean (at storm maximum) positions are mirrored by
the fall to the distribution end. In other words, within
determined error limits, information on the shape fol-
lowing the peak is contained in the rise to peak value.
This behavior, translated to the realtime domain of
the storm Dst, signifies that a knowledge of the storm
recovery phase can be obtained from the growth
phase, within definable error limits.

To illustrate this predictability, I used the Dst values
for the 10 storms of Table 1. I selected absolute values
of the hourly Dst indices starting from the negative
Dst onset until the peak was passed at one hour fol-
lowing the end of the growth phase. The average value
of the peak and the first value following the peak was
taken to be the size of the maximum. I then performed
a regression fit to this storm main-phase data using a
nine-term polynomial function. With this polynomial,
I determined evenly spaced field values in the log-time
domain. Assuming the maximum to be located at the
mean, 1 then folded the values to obtain the full
expected distribution, and I determined a standard
deviation of the assumed normal curve. The equi-
valent real-time, full-storm (lognormal) distribution
was then found from these characteristic constants
and plotted as a dashed curve in the right columns of
Figs 5 and 6. The solid curve shows the actual Dst
values. As a goodness-of-fit measure, I computed
the percent differences [100 (observed —predicted)/
observed] for hourly values from the peak time to
three times the peak time. The averages of these per-
centages for the storms showed that I was able to
predict the storm recovery phase values to 25.7%. This
prediction procedure could be refined, for example by
making allowance for initial phase compression and
for truncation. With periodic prediction readjust-
ments during the storm progress, the limiting fit would
reach the lognormal representation shown in the left
columns of Figs 5 and 6.

7. CONCLUDING REMARKS

The recognition of a typical form for the averaged
low- and middle-latitude geomagnetic disturbance
events has had a long history of development from the
first discovery by Moos in Bombay at the beginning of
this century. At the onset of space research, Chap-
man’s attractive representation of the storm field as a
ring of current encircling the Earth grew in favor,
supported by the statistical satellite evidence of a spe-
cial storm-time distribution of charged particles in
the region of about 3-9 Re (Earth radii). Chapman’s
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propensity for always representing averaged fields as
distant current systems was unquestioned. A special
activity index Dst, which was standardized in this
period and designated as the ‘Ring-Current Index,’
has continued to be produced and similarly identified
even now. For a great many years, the ring model
simplicity has encouraged use of this index (and use
of observatory records organized in similar fashion) to
be applied to a variety of research endeavors. Among
these are: (a) corrections to main field (global map-
ping) data for magnetospheric disturbance inter-
ference; (b) adjustments of the size determinations for
the equatorial ionospheric electrojet current; and (c)
use of the derived ring-current source for probing
Earth-mantle electrical conductivity. The identi-
fication of the storm with the simple magnetospheric
ring current is so universally useful that questions
regarding its validity have been almost completely
ignored.

By the mid 1900s, when the ‘geomagnetic storm’
was equated to the Dst index representation, early
indications of some problems with that assumption
were avoided as the research focus shifted to sub-
storms—a collection of solar—terrestrial disturbance
processes that culminate in the appearance of auroras
(cf. review by McPherron and Baker, 1993). Satellite
observations allowed substorm processes to be
tracked from their initiation at the southward turning
of the interplanetary magnetic field (as the solar wind
encountered the Earth’s main field) to the final high-
latitude surface manifestation when field-aligned ener-
getic particles precipitated into the upper atmosphere.
Recent process reconstruction studies showed that
fields from the various substorm related mechanisms
should be of significant size at low latitudes on the
Earth. Ring-current region observations indicate that
short-duration, substorm-like, partial-ring processes
prevailed during the disturbed period; there was
insufficient current in the ring region to cause all the
Dst fields; there was no decay corresponding to the
surface fields. The picture of a main-phase rise to
maximum and recovery phase decay of ring particles
paralleling the Dst changes is a myth.

It has been reported here that the Dst index rep-
resentation had a lognormal form. Such profiles trans-
form to simple normal distributions. The three
characteristics of a bell-shaped normal distribution
are 1ts mean, standard deviation and the area under
the curve. Thus, two parameters for describing Dst-
storm shape properties are the mean and standard
deviation of the storm plotted in the lognormal
domain. The third parameter, the size property, can
be identified with the sum of the measured field values
within the time between two standard deviation limits
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(cf. Table 1). Such a storm size representation has a
general correspondence to the classical division into
small and large storms listed by the maximum attained
field amplitude at the end of the main phase (the 1-10
original ordering of the events). Note, however, that,
with the area ordering, the largest two storms are
numbers 6 and 8, and the smallest are numbers 2
and 4. In the lognormal representation, similar storms
must have similar total size, 4 and ¢. With such an
interpretation, storms 6 and § are similar. Tradition-
ally, storms have also been classified into ‘recurrent’
and ‘non-recurrent’ types, as well as ‘directly driven’
and ‘loading/unloading’ types. If there is a reflection
of this difference in lognormal storm characteristics,
it might possibly be seen in g and o.

Our knowledge that the expected form of the storm
Dst has a normal distribution shape in the log-time
domain allows a forecast of the storm recovery phase
amplitudes to be made from the measurements during
the storm main phase. Preliminary tests of the pre-
dictability produce the good results indicated in the
right column of Figs 5 and 6. The results are better
than those found in the recent attempts to correlate
the storms with ring currents. A copy of the prediction
program for desk-top PCs is available from the author
upon request.

Figure 7 describes lognormal distribution forma-
tions. The upper left column illustrates how marbles

dropped through a funnel to a regular distribution of

pins can be collected in bins. The count of marbles at
each bin position describes a normal (bell shaped,
Gaussian) distribution. The funnel central position
and pin arrangement fix the distribution mean and
standard deviation; we can call these two the ‘source
distribution mechanism’. For sequential sources (top
central column) in which a first source distribution
mechanism occurs, and then the results undergo a
second distribution mechanism, and then these results
follow a third mechanism, etc., the final counts. ¥,
found at the X-bin positions produce a lognormal
shape. Similarly, simultaneous source distributions
(top right column of the figure) will also produce Y
numbers at the X positions that follow a lognormal
shape. Lognormality is verified by a plot of In(X)
versus Y (lower right in the figure) showing a bell-
shaped distribution. The lognormal distributions vary
as in the lower left corner of the figure. For low-
latitude geomagnetic disturbances consider that the
collection bins are arranged in positions at hourly
intervals from the storm onset to its demise. In each
hour-bin we add the fields from different observatories
and different source distribution mechanisms
(whether operating sequentially or simultaneously)
that rise to a maximum and dissipate individually
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during the storm lifetime. The collection bins cannot
know that the classical statistical is replaced by a time
series. Fields are added at the time-bins in a fashion
paraileling the marble collection at position-bins.

I believe that the Dst time series is lognormal in
form because each of the various time series that com-
pose it has its own characteristic amplitude-time dis-
tribution form; the summation of such distributions
is, by A and B standards, lognormal in form. What-
ever the cause, it is striking that a form, closely adher-
ing to a lognormal shape, occurs for the storm Dst.
This form and the Dst magnitudes cannot be ex-
plained by fields in the ring-current region of the
magnetosphere. Application of the lognormal shape
allows reasonable prediction of the storm recovery
phase from the observation of only the storm growth
phase. Presently, it seems very likely that an expla-
nation of the storm Dst shape lies in the statistical
features of the index.

One might question why other indices such as Kp
(or its linear form Ap) and AE do not have the log-
normal shape in the time domain. AE is dominated
by just one process, the auroral region field-aligned
currents and their closing current system in the auroral
ionosphere. Ap (and Kp) indices are similarly domi-
nated; the linear correlation coefficient between AE
and Ap is 0.89 (Campbell, 1979) because of the high-
latitude locations of the contributing stations. What
makes Dst a useful disturbance index is the diversity
of the many current processes that fashion the
measurements. [ believe that it is also this diversity
that is responsible for the lognormal shape in the time
domain.

The new interpretation of the cause of the Dst geo-
magnetic storm ‘main phase’ and ‘recovery phase’ will
probably find support from substorm researchers. The
interpretation of external and internal fields, sep-
arated from Dst-type measurements in a spherical har-
monic analysis, will need re-examination because the
source is not a simple ring current. The significance of
the simple asymmetric (partial) ring-current rep-
resentation of the surface storm fields should also
be reconsidered. Main field modelers with satellite-
derived data may question the application of Dst cor-
rections to their observations. Storm-related phenom-
ena may need reinterpretation. Although I believe that
the International Association of Geomagnetism and
Aeronomy Working Group on Indices should
officially announce an end to the mythical identi-
fication of Dst as the ‘Ring-Current Index’, the estab-
lished use of Dst as a world-wide indicator for
geomagnetic disturbances is too valuable to bury by
this new ‘lognormal’ understanding.
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